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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the International 
Hellenic University. Its purpose is to highlight the use of two freely available soft-
ware/models for energy production estimation from renewable sources and specifically 
from wind. RETScreen and Virtual Wind Farm (available through www.renewa-
bles.ninja) are the software in discussion and their use will be demonstrated by imple-
menting them on six locations in Switzerland. Annual energy production and capacity 
factors were calculated (in each location) utilizing an Enercon E-101/3050 and an Ener-
con E-82/2000 at three different hub heights each. Le Moléson and Renan and 
Schützenhof and Ovronnaz are the best and worst sites for RETScreen and VFM respec-
tively. In addition, the results show that the Virtual Farm Model underestimates all the 
variables under study. 
I would like to acknowledge and thank the academic staff of the university for their sup-
port and advice on the proceedings of the dissertation. However, above all I should 
acknowledge the contribution of my supervisor, who through prompt and useful advice 
and interventions aided discreetly in the successful completion of this dissertation. 
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1 Introduction 
1.1 Thesis structure 
This thesis deals with the estimation of energy production and capacity factor of a 2 MW 
and 3 MW wind turbines tested in six distinct locations across Switzerland. 
In Chapter 1 an overview of the wind energy status in Switzerland is given along with the 
study’s structure. 
Chapter 2 contains the literature review of the field. Papers and publications related to 
wind energy potential, wind power production, wind power density, capacity factors and 
estimation methods are presented. 
Chapter 3 includes the project methodology. Emphasis is given on the two models used: 
RETScreen and Virtual Farm Model. The structure of each software is described in detail 
and screenshots explain their operation. In addition, the “Swiss Wind Power Data” web-
site is presented. 
In Chapter 4 the site and turbine selection criteria are discussed. The sites are selected 
considering wind speed and meteorological data of each potential site, while the wind 
turbines are chosen according to their nominal power and appropriateness for the specific 
climatic conditions of the country. In addition, for both selections (sites and turbines) 
already operating projects in Switzerland are considered. 
Chapter 5 comprises of the results, which are commended and compared to existing data 
from operating wind turbines, which gives an opportunity to test the validity of the mod-
els. 
Finally, in Chapter 6 the main conclusions of the study are highlighted and recommenda-
tions for future research are given. 
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1.2 Wind energy in Switzerland 
Wind energy is one of the most rapidly growing industry sectors in the world since $107.2 
billion have been invested in it in2017 [1] and 341,320 wind turbines were in operation 
as of 2016 [1]. In European Union the total installed wind power capacity was 15.6 GW 
(12.5 GW onshore and 3.1 GW offshore) as of 2017 [2] the total wind energy production 
was 336 TWh covering 11.6% of the total electricity consumption [3]. 
Today in Switzerland there are 65 operating wind turbines with total installed capacity of 
75.46 MW and total annual energy output for 2017 of 128.26 GWh [4]. 37 of them are 
above 100 kW and they are listed in Table 1. Although between 2002 and 2017 there was 
an increasing trend in wind power investment (see Figure 1) [5] this amount corresponds 
only to 0.15% [6] of the electricity needs of the country. 
Table 1: Operating wind turbines in Switzerland. Source: https://wind-data.ch/wka/list.php  
Site 
Installed capacity 
(MW) 
Number of turbines 
Energy output 2017 
(GWh) 
Mt. Crosin 37.2 16 74.041 
Gries 9.36 4 7.792 
Peuchapatte 6.9 3 13.186 
St. Brais 4 2 7.002 
Gütsch 3.3 4 5.046 
Charrat VS, Adonis 3 1 7.052 
Haldenstein 3 1 4.137 
Lutersarni 2.3 1 3.190 
Collonges 2 1 4.395 
Martigny 2 1 5.1951 
Feldmoos/Rengg 1.85 2 1.240 
Oberer Grenchenberg 0.15 1 0.117 
TOTAL 75.46 37 128.26 
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Figure 1: Trend of installed wind capacity corresponding and electricity production. Source: 
http://www.suisse-eole.ch/de/service/folien/  
However, the federal planning for energy states that wind power should become one of 
the main renewable electricity sources, covering 7% of Switzerland’s electricity needs by 
2050 [7]. 
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2 Literature Review 
Wind energy is one of the most common renewable sources and the relevant literature 
available is quite extensive. There are several papers globally, dealing with the wind en-
ergy potential assessment namely, the magnitude and/or direction of winds blowing in an 
area. The most utilized estimation method is the Weibull distribution and its parameters 
k and c.  
Weisser [8], stresses the importance of diurnal wind speed data for an accurate prediction 
of wind regimes when using the Weibull distribution. Hoogwijk et al. [9] use the same 
methodology to estimate the global technical potential for onshore wind energy (at 96 
PWh annually). A study from Greece by Vogiatzis et al [10] found the appropriate size 
for a hybrid wind-solar desalination plant by estimating the Weibull distributions for 2000 
and 2001. Eskin et al. [11] applied the same distribution and found the wind regime in 
Gökçeada island in Turkey. A recent study in Mauritius by Dhunny et al. [12] was also 
performed with the Weibull function and showed that the island has exploitable wind 
potential. Chang proposed in 2011 [13] two variations of the classical Weibull distribu-
tion, the Gamma-Weibull and the truncated normal function, which were found to per-
form well in predicting wind power densities compared to other mixture functions such 
as bimodal-Weibull. 
Another common probability density function is the Rayleigh distribution, which is a 
Weibull distribution with k=2 [14]. Celik [15] used both Weibull and Rayleigh distribu-
tions to calculate the wind power density (30.2 W/m2) in Iskenderun of southern Turkey, 
concluding that the Weibull provided better results. Sliz-Szkliniarz and Vogt [16] com-
bined measured wind speeds and the Rayleigh distribution to predict the technical poten-
tial of a region in Poland and Siyal et al. [17] suggest that Sweden has enough wind po-
tential, using an approach based on GIS methods and Rayleigh distribution. 
Bechrakis et al. [18] utilized artificial neural networks (ANN) to extrapolate yearly wind 
speeds measured in on site, to a another one. The simulated wind speeds were used to cal-
culate the Weibull distribution. The suggested method works well and provides similar 
results with the renowned WAsP software. 
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Mass-consistent models are also used in some studies. Kanellopoulos [19] used the NO-
ABL model to validate the national wind resources of Greece and found it to perform 
well but stressed the importance of good (temporal and spatial) measurements. A paper 
from Barnard [20] states that NOABL model and MS3DJH/3R and BZ models perform 
in similar manner when used for prediction of winds above complex terrains. As before, 
the models gave better results when the available data came from more than one meteor-
ological station. Finally, Finardi et al [21] showed that the mass-consistent model MI-
NERVE gave similar results to a non-hydrostatic model (RAMS). In both cases the loca-
tion of meteorological stations was of paramount importance for the accuracy of the pre-
dicted wind regime. 
A similar kind of studies deals additionally with the prediction of wind power density and 
the potential of a country or a region, again using mostly the Weibull distribution. 
Katsoulis in 1992 [22] identified regions of Greece with wind potential. Eastern coasts of 
the country and the Aegean Sea had a wind power density of 600 W/m2 while western 
coasts and Ionian islands had a much lower value of about 200 W/m2. However, in other 
regions of the country (mainly onshore) the wind potential failed to be revealed because 
of unavailability of data. Bagiorgas et al [23] studied Western Greece and found that for 
this area smaller hub heights are more favorable even though wind power density in-
creases with increasing hub height and wind speed. This was attributed to the fact that the 
cost of bigger turbines exceeds the avail from larger capacity factors and wind power 
densities. Another study in Southern Greece from Xydis et al [24] examined the expected 
annual energy production (hereinafter referred as AEP) in ten different locations. Find-
ings suggested speeds between 5.74 and 7.52 m/s and net AEP in the range of 13 to 18 
GWh. 
Kavak Akpinar and Akpinar in 2004 [25] studied the Maden-Elazig region of Turkey and 
found mean speeds of 5 m/s to 6 m/s at 10m above ground level (hereinafter AGL) and 
average annual wind power density of 244.65 W/m2. This value means that the specific 
location belongs to wind power class 4 [26] and is suitable for off-grid applications like 
generators and water pumps. Gökçek et al. [27] showed that in Kirklareli mean speed at 
10 m is 4.7 m/s and wind power density is 142.75 W/m2, meaning the exploitation is 
marginal. Mirhosseini et al. [28] assessed the wind energy potential in the Semnan region 
of Iran. Moalleaman was the best site with wind power density between 172 and 177 
W/m2 at 10 m AGL, AEP of 2000 MWh/y and characterized as class 3 site. A study in 
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Algeria from Himri et al. [29] in 2009 suggest that the potential of the provinces of inter-
est is appreciable and suitable for small applications rather than grid-connected ones. 
Sites at Tindouf and Dely Brahim were the most promising with wind speeds of 5.8 m/s 
(138-238 W/m2 at 17m AGL) and 5.7 (259 W/m2 at 17m AGL) m/s respectively. 
Ouammi et al. [30] found that in Liguria, Italy only one site can be exploited due to vari-
ous restrictions. In Capo Vado measured wind speed at 40 m AGL is 8.56 m/s with cor-
responding wind power density of 487.7 W/m2 and annual energy output of 4271.7 MWh. 
In the wider region of South-eastern Europe (including Serbia, Croatia, Bosnia, Greece, 
Albania and other countries) an investigation from Ban et al [31] revealed that there is 
promising potential in several mountainous sites located approximately 2500 m above the 
sea. Data from 1980 to 2010 processed with NCEP/DOE reanalysis model gave a wind 
power density more than 250 W/m2. 
Islam et al. [32] in a paper from 2011, researched locations in Malaysia. It was found that 
sites at Kudat and Labuan were ill suited for large-scale applications since they demon-
strated average yearly speeds of 3.37 m/s and 3.5 m/s respectively. However, small-scale 
endeavors (hub height of 100m maximum) are favored, because wind power densities are 
67.4 W/m2 and 50.84 W/m2. Moreover, a study from Tamil, India by Mabel and Fernan-
dez [33] was performed with artificial neural networks (ANN). The results showed that 
capacity factors ranged from 24% (at 7.65 m/s) to 4.4% (at 2.88 m/s), disclosing the in-
termittent nature of wind power, which renders accurate prediction methods necessary. 
Li and Li [34] used the maximum entropy principal (MEP) to identify the diurnal, 
monthly and seasonal wind speed distributions and the corresponding wind power density 
in Waterloo, Canada. An average value of 105 W/m2 was extracted. Four sites in Arizona, 
USA (Acker et al.) [35] demonstrated different average capacity factors ranging from 
26% to 37% (at 70 m AGL without losses) and the sites were ranked from wind power 
class 3 to 6. 
A third type of studies includes not only wind speeds and wind power densities but esti-
mated wind power production from various wind turbine models. 
Köse [36] in 2004 investigated the possibility of wind energy production from a 600 kW 
Enercon wind turbine at 60 m inside the campus of Dumlupinar. The results showed that 
this site was inappropriate for economical electricity production, since the measured ca-
pacity factor was 15.6% and the produced energy after 20 months 1372.2 MWh. Celik 
[37] performed a techno-economic analysis in Iskenderun aside from the wind regime 
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estimation (see [15]). It was deduced that larger turbines (500 kW) are more economically 
efficient than smaller ones (0.6 kW). However, this site is class 1 (30.2 W/m2) and there-
fore suitable only for applications like battery charging or water pumping. A series of 
publications from Ucar and Balo concerning the 6 regions across Turkey [38], Uludağ-
Bursa [39] and Ankara [40] gave the following results. In the first paper 6 locations and 
4 wind turbines were studied. The highest potential was found at Erzerum, where a 
DeWind D8 2 MW wind turbine was able to produce 7.46 GWh annually at 8.7 m/s mean 
wind speed. The capacity factor was 43% and the mean specific power density 65 W/m2 
(at 70 m). In Uludağ-Bursa mean speeds of 8.3 m/s during summer and 5.6 m/s during 
winter where found. The associated annual wind energy was 300 MWh (DeWind D48, 
600 kW) and 780 MWh (DeWind D6, 1250 kW) depending on the turbine size. At Ankara 
and Polatli the highest average monthly wind speeds recorded (data from 2000 to 2006) 
were 6.4 m/s and 5.84 m/s. Four different turbines were used. The maximum energy out-
put was achieved by a 3 MW Vestas V-90 with almost 82 MWh/year and 43 MWh/year 
in Ankara and Polatli respectively. On the other hand, the highest capacity factors for the 
two locations were attained by a smaller machine a 1.65 MW Vestas V-82 with 45% and 
37% respectively. 
Five sites were inspected in Saudi Arabia in study by Al-Abbadi [41]. Two of them had 
the highest potential with wind blowing at 5.7 m/s and 5.4 m/s in Dhulum and Aram 
respectively. There a Nordex N43 produced 1080 MWh and 990 MWh, rendering these 
underpopulated areas ideal for remote wind applications. In two coastal sites, namely 
Yanbu and Dharan wind speed peaks at 8 m/s and 7m/s and grid connected applications 
for load peak sharing are an option. Two studies from Egypt showed the promising po-
tential of the country. Shata and Hanitsch [42] researched six sites. Three of them (Sidi 
Barrani, Mersa Martuh and El Dabaa) had wind power densities from 180-320 W/m2 to 
260-330 W/m2 at 30-50 m AGL. A 1 MW wind turbine in El Dabaa produced 2718 MWh 
annually. Shata [43] studied a site in Ras Benas, where (northly) winds had speeds of 8.9-
9.8 m/s at 70-100 m AGL. At the same heights wind power densities in the range of 1063-
1200 kW/m2 were observed mainly during spring and summer. A wind park, consisting 
of 20 Nordex S77 turbines, installed at El Dabaa is expected to produce 130 GWh per 
annum, according to calculations made with WAsP software. Jowder [44] in 2009 ana-
lysed 3-year wind speed data (at 60 m) to identify the potential in Bahrain. A Gamesa 
G58 with nominal power of 850 kW was found to be the most suitable turbine at 60 m 
giving a capacity factor of 40%. Adaramola et al. [45]underscore that in Lagos, Nigeria 
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a DeWind D7-1.5 MW with 70 m hub height can produce 3767.7 MWh/year at 4.93 m/s 
with a capacity factor of 28.7%. 
Fyrippis et al. [46] investigated the potential of a location in Naxos island, Greece. The 
findings were exceptional. The mean yearly power density was 480 W/m2, which means 
that the site at Koronos belongs to wind power class 7 [26]. Installing wind turbines there 
is more than desirable since a 1 MW machine can produce 4 GWh of electricity per year 
while a 2.5 MW turbine doubles the amount reaching 8 GWh annually. In another study 
from Greece Bakos [47] examined the performance of two different turbines in a site 
aground. The study concluded that 4 Vestas V-82 1.65 MW each are less profitable than 
4 Vestas V-100 1.8 MW each, because the larger machines performed better in this site 
and thus the larger initial cost was overcome. Other studies from Europe include one from 
Krewitt et al. [48] and one from Migoya et al. [49].The first showed that moving from a 
1.5 MW to 3 MW wind turbine affects the produced energy in a positive way in both 
locations in question. Specifically, in Lower Saxony the AEP increased from 28.6 TWh 
to 33.2 TWh, while in Baden-Württemberg from 1.7 TWh to 2 TWh. To achieve this 
numbers 7060 and 500 turbines are needed respectively. The second suggests that in the 
region of Madrid-which is characterized as moderate regarding the wind potential-it is 
viable to install 200 MW of wind power outside protected areas. 
Raichle and Carson [50] analyzed data from the southern ridges of Appalachia in USA 
and found yearly mean speeds between 5.5 m/s and 7.4 m/s leading to wind power density 
of 400 W/m2 atop of these ridges, stretching 1600 m along the Appalachian Mountains. 
A hypothesized wind farm of 15 1.5 MW turbines in 9 locations gave promising results 
with AEP and capacity factors ranging from 39.5 GWh to 78.7 GWh and from 18% to 
36%. Ali et al. [51] examined the possibility of installing five different wind turbine mod-
els at three distinct sites in South Korea. The wind speeds were extracted with the Weibull 
distribution and graphical method of Gumble distribution led to the required classes of 
each turbine. In the two sites the most feasible turbine was found to be a WinDS134/3000 
(3 MW), which could potentially produce 6.37 GWh per year with a capacity factor of 
24.3% in the first site and almost 10 GWh of electricity with capacity factor of 40% in 
the second. In the third site a HJWT 87/2000 (2 MW) machine performs best, with a 
hypothesized annual energy output of approximately 7 GWh with capacity factor of 40%. 
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In Switzerland most of the studies concentrate on research topics which are related to 
subjects relevant to the climatic conditions and the topography of the country, viz. icing 
and complex terrain. 
 Barber and Abhari [52] analyzed measurements from Gütsch, where 4 Enercon wind 
turbines with total capacity of 3.3 MW are installed. Since Gütsch is at 2287 m elevation 
icing is an issue. The findings showed that icing lead to 1.6% reduction of AEP. In addi-
tion, the AEP was 23% lower than the value extracted from the power curve provided by 
Enercon and it was caused by the local topography creating gusts and turbulence. Dierer 
et al [53] determined the relationship between meteorological and instrumental icing in 
the site of St. Brais. They found 11.5 days/y and 44.5 days/y respectively with a ratio of 
approximately 1/4. As a countermeasure blade heating was tested. With blade heating 
total losses were 3.5% (3% downtime due to ice and 0.5% heating) compared to 10% 
without heating of the yearly power production. 
Chokani and Abhari [54] performed measurements in the wind turbine test facility of 
ETH-Zürich and the Mont Crosin farm and in addition CFD simulations of the test site in 
Gütsch. The impact of flow inclination and elevated freestream turbulence on the output 
of wind turbines was examined. The results revealed that the output of a turbine decreases 
7% when the incoming air flow is inclined at 15o compared to an inclination of 0o. On the 
contrary, for the same inclination the wake of the turbine is deflected at 6o and this favors 
a more compact placement of turbines in complex terrains. Finally, an elevated freestream 
turbulence of 8% increased the output of the turbine by 15% relative to a flow with low 
turbulence of 2.5%. The above findings illustrate the contradicting nature of the described 
effects in complex terrain and the necessity for investigation of each site’s conditions. 
Two studies from Subramanian et al. and Porte-Agel and Lungo dealt with wake meas-
urement. In the first [55] LIDARs were used to measure the wake of a wind turbine and 
its thermal stability in Collonges. The results unveiled that during daytime, when convec-
tive effects exist, wakes recovered faster due to more effective mixing of low speed flow 
(of the wake) and surrounding air with greater speed. On the contrary in the night the 
atmosphere is more stable and the turbulence at lower levels and thus the flow speeds 
remain low in the wake. In the second [56] it is also deduced that the near-wake of a wind 
turbine located on complex terrain is 35% shorter compared to flat terrain installations 
and reaches as far as two rotor diameters. 
 
  -11- 
3 Project Methodology 
3.1 Proposed methodology 
The methodology proposed is quite simple and was built on two models, RETScreen (see 
3.2.1) and Virtual Farm Model (hereinafter VFM) (see 3.2.2). A first estimation was 
based solely on the database of RETScreen, while in the second step data taken from the 
“Swiss Wind Power Data” website [57] (see 3.2.3) were inserted into RETScreen to pro-
duce better results. A first comparison showed the differences between the two databases. 
In the final step, the energy outputs and capacity factors from RETScreen (with swiss 
data) were compared with the estimations given by the VFM model. This process was 
repeated for each one of the six selected sites, utilizing the same 2 MW and 3 MW wind 
turbines, for three different hub heights. The results were compared to the performance 
of an operational wind turbine (see 5.1) located on another site. In addition, it was tested 
whether the smaller (2 MW) or larger (3 MW) wind turbine was more suitable for each 
site considering the selected hub heights. 
3.2 Model description 
3.2.1 The RETScreen model 
RETScreen is an energy management software focused on renewable energy sources, but 
also dealing with industrial, commercial, residential and agricultural installations.  
RETScreen Expert is the professional version of the software that offers energy efficiency 
optimization, project feasibility study, energy analyses for already operating plants and 
financial analyses for all the above options [58]. In this way people entitled to decision 
making have at their disposal a powerful tool that enables them to swiftly assess and 
control performance and quickly identify optimization, enhancement and savings oppor-
tunities [58]. The wide range of applications that RETScreen utilises, renders it as a quite 
popular software in the energy management market. Its acceptance is also amplified by 
its relatively low purchase cost and the fact that is freely available in viewer mode, which 
means that any kind of study can be performed but cannot be saved. 
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In this thesis the feasibility option of the software was implemented on six locations 
across Switzerland. The main inputs to perform a feasibility study include Location, Fa-
cility type, Energy model, Cost analysis, Emission analysis, Financial analysis and Risk 
analysis. However, this study was concentrated on energy estimation thus only Location, 
Facility type and Energy model were utilized. Below a detailed description of the process-
based on the manual of the software is presented. 
Location selection (see Figure 2) includes all the relevant data such as coordinates, cli-
mate zone and meteorological indicators taken from NASA [59] and ground stations. 
Firstly, the desired location is selected. By clicking the blue box (highlighted in red), a 
search bar appears, and the location name is entered. Then coordinates, climate type, el-
evation and temperature are retrieved from the software’s database. 
 
Figure 2: Facility location and climate data location selection. Source: RETScreen Expert 
Next, all relevant climate data such as air temperature, relative humidity, precipitation, 
atmospheric pressure, wind speed etc. are provided either by the user or by the internal 
database. Measurement height is also required (see Figure 3) 
At the end of this tab is given a table of climate data for the entire year. The user can 
select any of the above data, to be plotted as bar graph or line. Each graph can represent 
the same or two different variables (see Figure 4). 
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Figure 3: Input of climate data such as air temperature, relative humidity, precipitation, atmos-
pheric pressure, wind speed etc. Source: RETScreen Expert 
 
Figure 4: An example of climate data graph. Monthly average values of wind speed are plotted 
either as bar graph or a line. Source: RETScreen Expert 
In the facility tab the facility type is selected. Power plant, industrial, commercial, resi-
dential or agricultural applications are among the options. For each category there are 
numerous subcategories such as different types of plants, buildings, RES facilities etc. 
The name, address, city, province and country of the facility can also be given (see Figure 
5). 
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Figure 5: Facility type selection. Source: RETScreen Expert 
In the energy model tab there are three subcategories: Fuels & Schedules, Technology 
and Summary (see Figure 6). The first is irrelevant in this case since a wind turbine does 
not use any fuel. 
 
Figure 6: Energy model and subcategories. Source: RETScreen Expert 
In Technology, the power production method is chosen, which is a wind turbine in this 
study. There are three levels of detail available. 
In Level 1 user inputs power capacity, number of turbines and capacity factor. Power 
capacity can be added manually or by the software’s database. The model returns the 
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annual electricity exported to the grid. If a financial analysis is required, initial costs, 
operation and maintenance costs and electricity export rate are also inserted. 
Level 2 is divided in six subsections: Resource Assessment, Wind turbine, Power and 
energy curves, Losses, Summary and Other information. 
Resource assessment contains all the variables related to wind potential (see Figure 7). 
Wind speed or wind power density is selected as resource method and then measurement 
height is defined. Next, wind shear exponent is defined, to calculate the wind speed at 
hub height by using the power law (as described in [60]). Finally, annual values of air 
temperature and pressure can be added by user or from RETScreen database. 
Wind turbine (see Figure 7) includes all the associated parameters such as power capacity, 
per turbine, manufacturer, model, number of turbines, total power capacity, hub height, 
rotor diameter, swept area, energy curve data and shape factor. Although, all the above 
can be set manually, the best option is to search the extensive database of the software, 
which contains the most popular models available in the market. Energy curve data de-
termines how the energy curve is calculated. There are two options Standard and Custom. 
In the first calculations are based on the Rayleigh distribution, which is a subcase (shape 
parameter k=2) of the Weibull distribution. The latter is used for the calculations under 
the Custom option. 
 
Figure 7: Resource assessment and Wind turbine subsections and their parameters. Source: 
RETScreen Expert 
In any case, the selected distribution ascribes a frequency percentage of operation time 
for each wind speed interval of 1 m/s, which is combined with the corresponding power 
curve value. This calculation is repeated for all wind speed values and the results are 
depicted in the energy curves section (see Figure 8). In addition, the power curve is 
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automatically obtained when a turbine is selected from the software’s database. Otherwise 
a power value must be inserted for each speed increment. 
 
Figure 8: Power and energy curves section. Source: RETScreen Expert 
Losses section (see Figure 9) contains three types: Array losses, Airfoil losses, Miscella-
neous losses and Availability. Array losses are caused by wake effects. Wake effects hap-
pen between successive wind turbines because the air flow is partially blocked from the 
front turbine and reaches the next turbine with lower speed. Airfoil losses are caused from 
soiling and/or icing. Bugs and/or ice can build-up on the surface of the blades and induce 
aerodynamic losses. Miscellaneous losses represent losses due to start-stop of yaw mo-
tors, cut outs from wind gusts and transmission losses from the site to the grid connection 
point. Availability includes downtime losses due to maintenance, failures and outage. 
In the Summary section (see Figure 9) user provides initial and O&M costs and electricity 
export rate and the model returns the capacity factor and the electricity exported to the 
grid which are the two variables that define the technical and financial viability of the 
project. 
Other information (see Figure 9) contains the unadjusted energy production, Pressure co-
efficient, Temperature coefficient, Gross energy production, Losses coefficient and Spe-
cific yield. Unadjusted energy production is the raw energy produced from the wind 
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turbine at standard pressure and temperature conditions. It is obtained from the energy 
curve and corresponds to the wind speed at hub height. In Figure 8 at 5 m/s, the turbine’s 
nominal power is 258 kW and the corresponding energy output for this example is 4440 
MWh. Pressure coefficient is proportional to the mean atmospheric pressure of the site 
and Temperature coefficient is inversely proportional to the mean temperature of the site. 
They are used to determine Gross energy production from the Unadjusted energy produc-
tion. Finally, Losses coefficient is given by the formula: 
𝐿𝑜𝑠𝑠𝑒𝑠 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∙ (1 − 𝐴𝑟𝑟𝑎𝑦)(1 − 𝐴𝑖𝑟𝑓𝑜𝑖𝑙)(1 −𝑀𝑖𝑠𝑐𝑒𝑙𝑙𝑎𝑛𝑒𝑜𝑢𝑠) 
It is used to calculate the Electricity exported to the grid by the Gross energy production. 
 
Figure 9: Losses, Summary and Other information sections. Source: RETScreen Expert 
3.2.2 The Virtual Farm Model 
Virtual Farm Model is a free online software that enables interested parties to perform 
simulations of the hourly power output of wind and solar installations in any place around 
the globe. 
It uses climate and weather data from NASA’s MEERA (and MEERA-2) reanalysis 
model [59] and CM-SAF’s SARAH dataset [61], [62].  
Reanalysis is a model that blends an integration procedure of historic weather data with 
an atmospheric model to deduce the status of the global weather system. Historic data are 
obtained from satellites, ground stations etcetera and are reproduced. These data are 
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difficult to elaborate, but via reanalysis they are restructured into datasets with uniform 
temporal and spatial coverage [63]. These datasets are the input of the Virtual Wind Farm 
model which was developed by Iain Staffell (lecturer at Imperial College London) and 
Stefan Pfenninger (postdoc at ETH Zürich). 
The model obtains wind speeds at 2, 10 and 50 m AGL for each grid point of MEERA 
(see Figure 10a) and interpolates them for the selected location using LOESS (Local Pol-
ynomial Regression) (see Figure 10b). Next, the implementation of the logarithmic wind 
profile law produces wind speeds at hub height of each turbine (see Figure 10c), which 
are finally converted to power output via the power curve of the wind turbine provided 
by the manufacturer (see Figure 10d) [63]. 
The power curves are smoothed to include the hourly variations of wind speeds. Smooth-
ing is achieved by a Gaussian filter given by the formula: 
𝜎 = 0.6 + 0.2𝑤 
where w is the wind speed. The parameters are found empirically and represent historic 
data for wind speeds in the most effective manner [63]. 
 
Figure 10: Virtual Wind Farm model methodology steps. Source: Staffell, I., & Pfenninger, S. 
(2016). Using bias-corrected reanalysis to simulate current and future wind power output. Energy, 114, 
1224-1239. 
However, MEERA (and MEERA-2) contains a systematic bias in wind speeds [63]. A 
first reason is the errors in the subjacent weather model. Another cause is that the model 
is spatially rugged, namely each point of the dataset is considered a flat surface and thus 
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the topography of each site is failed to be accounted for. Finally, each cell is 50 km x 50 
km, so each site’s unique microclimatic interactions and processes cannot be captured, 
which leads errors in wind speeds [63]. 
From the above it is understood that correction of this bias is imperative, to avoid mises-
timations in capacity factors. A linear equation is utilized by Staffell and Pfenninger [63] 
as correction. Its only input is the ratio of historic to simulated capacity factors and it has 
proven extremely effective improving the calculated capacity factors. 
Virtual wind farm model is freely available online in a user-friendly interface [64]. The 
use of the model is relatively simple for a user with basic wind turbine background. First 
the exact location of the wind turbine is selected either directly on the map or by providing 
latitude and longitude (see Figure 11). Next, the dataset and data year are selected along 
with the capacity (in kW) and the hub height (in m) of the wind turbine. Finally, the wind 
turbine itself is selected from a quite extensive list (see Figure 12). The results provided 
are the daily mean power production (see Figure 13) as well as the monthly capacity 
factors and their total mean (see Figure 14), in graphical form. However, the complete 
data (with raw weather data included if the option is made) can be downloaded in csv 
form to be analyzed individually. 
 
Figure 11: Location selection for the VFM model. Source: https://www.renewables.ninja 
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Figure 12: Required parameters for the VFM model. Source: https://www.renewables.ninja 
 
Figure 13: Daily mean power output graph given by the VFM model. Source: https://www.renewa-
bles.ninja 
 
Figure 14: Monthly capacity factor and total mean capacity factor given by the VFM model. 
Source: https://www.renewables.ninja 
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3.2.3 The “Swiss Wind Power Data” website 
The “Swiss Wind Power Data” website provides data, planning information and tools 
related to wind power in Switzerland [4]. More specifically, a detailed wind atlas of the 
country is available along with an icing map [65]. In addition, a map with measurement 
stations across the country is available [57]. Moreover, useful calculation tools for wind 
profile, Weibull distribution, air density and power production can be found [66]. All the 
operating wind turbines (single projects or farms) are listed in a separate webpage with 
links to information about them [67]. Finally, there is a firm directory where all the Swiss 
firms related to wind power are listed [68]. The site is mandated by the Swiss Office of 
Energy [69] and produced by Meteotest [70]. In this study the sections of the website that 
are used are the wind atlas, the measurement data and the wind turbines. 
Wind atlas 
The wind atlas of Switzerland provides yearly mean wind speeds at 50 m, 75 m, 100 m, 
125 m and 150 m AGL (see Figure 15) and various additional information such as forests, 
water sources, animal habitats and other. By clicking on the map, the user has access to 
the average wind speed, the wind rose and the Weibull distribution for the selected site 
and height above the ground. 
 
Figure 15: Wind atlas of Switzerland depicting annual average wind speeds at 125 m AGL. 
Source: https://wind-data.ch/windkarte/ 
The data rely on a modeling system that describes the whole country. Each cell of the 
mesh is 100 m wide and the yearly mean wind speed is shown in each grid point. The 
categorization of wind speeds is performed with an estimation based on the Weibull 
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parameters i.e. the scale parameter A and the shape parameter k. As it stated in the site 
“It is not possible to directly derive the average wind speed from the Weibull parameters 
because the result is only an approximation to wind distribution and this cannot be ade-
quately reflected for each location” [65]. However, the above sentence is ambiguous since 
it is known that the Weibull distribution is related to the average wind speed [66]. It prob-
ably means that the average speed computed from the distribution is only the estimation 
and not the actual value that corresponds to measurements. 
Long-term data have been included in the model and the calculation of wind speeds is 
based on them. However, the density of measurement stations is not uniform across Swit-
zerland and thus the results suffer from uncertainties, especially over complex terrain. 
These uncertainties vary from ± 0.5 m/s in the Jura region and ±0.8 m/s in the central 
plain to ± 1 m/s in the Alps [65]. From the above it is understood that these data should 
be utilized with caution and the assessment of wind regimes in each region should be 
based on accurate on-site measurements [65]. 
The wind map has two variations. The first depicts areas of Switzerland with wind poten-
tial (see Figure 16) and the second illustrates the federal government’s other areas of 
interest (see Figure 17) or in other words areas where installation of wind turbines is 
restricted. 
 
Figure 16: Areas with wind potential (in blue) in Switzerland. Source: https://wind-data.ch/wind-
karte/  
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Figure 17: Areas where installation of wind turbines is prohibited. Source: https://wind-
data.ch/windkarte/. 
The restricted areas incorporate protected areas without a balancing of interests (in dark 
red), areas excluded in principle (in orange), areas subject to inter-authority coordination 
(in yellow), building areas with noise abatement (in grey) and areas on which other re-
strictions apply (in white) [65]. However, the latter map is not legally binding and it 
should be used together with “Wind energy concept”, which is the basis of federal inter-
ests [71].An assessment of the three maps along with the data from the measurement 
stations are the first step of siting potential locations for installation of wind turbines. 
Apart from the above, a map that depicts meteorological icing frequency at 100 m from 
August 2007 to July 2009 has been developed [72] (see Figure 18). Data from COSMO-
2 (a meteorological forecasting model developed by Meteotest) are used as input to an 
icing model which predicts the formation of ice on a rotating cylindrical object. 
Icing is a phenomenon that can be described in four stages, according to a report per-
formed from Meteostet for the Swiss Office for Energy [73]. Meteorological icing refers 
to the period when the formation of ice is favored. Instrumental icing is the time period 
in which the smooth operation of wind turbines or measurement instruments is disturbed 
due to ice accretion on them. Incubation time is the period from the start of metrological 
icing to the start of instrumental icing, while recovery time is the delay between the end 
of meteorological icing and the end of instrumental icing. 
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Figure 18: Map of icing frequency, in days per year, across Switzerland. Source: https://wind-
data.ch/windkarte/vereisung.php. 
In areas in brown, icing appears for less than 5 days per year, while in areas in orange 
between 5 and 10 days. The phenomenon intensifies as the proximity to the Alps increases 
and a range from 10-20 days (in yellow) and 20-30 days (in green) of icing is character-
istic for these areas. In greater heights atop of the mountains icing can last from 30 to 60 
days (in blue) or longer (in dark blue). 
The map should be used in a qualitative manner and is just an indication of the icing 
frequency in each region. In addition, local topography of each area affects the ice for-
mation and thus the values of the map may be over or underestimated. Finally, since the 
map shows the frequency of meteorological icing, it is expected that instrumental icing 
will last longer [73]. 
Icing is parameter that should be considered in turbine selection and counteractions will 
be discussed further in paragraph 4.2. 
Measurement stations 
There are 132 meteorological stations across Switzerland (see Figure 19). Each one of 
them provides meteorological data but in the “Swiss Wind Power Data” website are avail-
able data regarding wind. The user can select monthly or current data. Monthly data con-
tain coordinates of the station, altitude, measurement height and wind speeds from 1987 
to 2018 in tables and graphs. This data was used as input to the RETScreen model to 
estimate the capacity factor and energy output in the selected sites. Current data include 
wind speed and direction for the last week. 
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Figure 19: Meteorological stations that provide wind data across Switzerland. Source: 
https://wind-data.ch/messdaten/index.php?lng=en 
Wind turbines 
In this section are listed all the operating turbines in the country [67] (see Figure 20). 
Currently there are 38 sites with installed wind turbines, either single machines or wind 
parks. For each listed site the following information are provided: Turbine model, rotor 
diameter, hub height, installed capacity, construction year and operational status. In ad-
dition, yearly energy production is given for all the operational years to date. 
 
Figure 20:Operating wind turbines and wind farms in Switzerland. Source: https://wind-
data.ch/wka/index.php  
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4 Site and wind turbine 
selection 
4.1  Site selection and characteristics 
Site selection was based on the list of the meteorological sites operating across Switzer-
land [57]. The first criterion was the measured wind speed. At first, speeds above 5 m/s 
at 50 AGL were considered. The next step included inspection of the surroundings of 
each station using Google Maps, Google Earth and the wind atlas [65]. Emphasis was 
given on specific topographical formations such as ridges or valleys that favour the tun-
nelling effect. Finally, the simultaneous observation of the maps led to the identification 
of the six sites (Table 2) 
Table 2: Selected sites and their characteristics. 
Site 
Altitude 
(m ASL) 
Average wind 
speed (m/s at 
100 m AGL) 
Annual 
tempera-
ture (oC) 
Annual 
pressure 
(kPa) 
Coordinates 
(lat, long) 
Wind Shear 
Exponent 
Annual 
icing 
(days) 
1. Schützenhof, 
Russikon 
719 5.7 7.9 92.8 
47.40190 
0.20-0.21 5-10 
8.79261 
2. Käsern, 
Ebnat-Kappel 
1050 6.5 7.9 89.1 
47.26207 
0.22-0.24 <5 
9.15914 
3. Bad Ragaz, 
St. Galen 
975 6.6 11 89.9 
46.99813 
0.26-0.27 5-10 
9.48670 
4. Ovronnaz, 
Valais 
1610 6.6 6.3 83.2 
46.21044 
0.28-0.30 5-10 
7.17172 
5. Le Moléson, 
Gruyères 
1829 7.5 7.9 81.0 
46.54975 
0.28-0.30 5-10 
7.01755 
6. Renan, Bern 1267 6.6 7.5 86.8 
47.10778 
0.21-0.23 5-10 
6.92742 
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Figure 21: The turbines’ locations across Switzerland.  
Source: https://www.google.com/maps  
The first site is in Schützenhof, Russikon in the canton of Zürich. The altitude above sea 
level (hereinafter ASL) is 719 m and the average wind speed at 100 m AGL is 5.7 m/s. 
From Figure 22 it is evident that prevailing winds blow at SSW and SW directions. The 
surroundings are mainly fields and wooded hills and thus wind shear exponent between 
0.20 and 0.21 is preferred [74]. Annual temperature is 7.9o C and annual pressure is 92.8 
kPa. Icing is present from 5 to 10 days annually [72]. 
 
Figure 22: Windrose at 100 m AGL at the site of Schützenhof, Russikon.  
Source: https://wind-data.ch/windkarte/  
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The second site is located east of the town of Ebnat-Kappel in St. Gallen canton. The 
altitude is 1050 m ASL and the mean wind speed at 100 m AGL is 6.5 m/s. At this altitude 
there isn’t a wind direction that prevails. However, directions ranging from SSW to WSW 
seem to be more frequent (Figure 23). The landscape consists of wooded or grassy hills 
and power law exponent values between 0.22 and 0.24 are suggested [74]. Annual tem-
perature is 7.9 oC and annual pressure is 89.1 kPa. Formation of ice is an issue for less 
than 5 days per year [72]. 
 
Figure 23: Windrose at 100 m AGL at the site of Käsern, Ebnat-Kappel.  
Source: https://wind-data.ch/windkarte/  
The location of the third site is near the town of Bad Ragaz in the canton of St. Gallen. 
The altitude is 975 m ASL. The average wind speed at 100 m AGL is 6.6 m/s. In this site 
there are four opposite prevailing wind directions (Figure 24) N, S and NNE, SSW, but 
in the latter wind of greater magnitude blow. The topography of the site (atop a plateau 
in front of mountains) dictates values of wind shear exponent of 0.26-0.27 [74]. Annual 
temperature is 11 oC and annual pressure is 89.9 kPa. Icing causes problems for approxi-
mately 5 to 10 days per annum [72]. 
 
Figure 24: Windrose at 100 m AGL at the site of Bad Ragaz, St. Gallen.  
Source: https://wind-data.ch/windkarte/  
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On a smooth slope between Ovronnaz and Mayens-de-Chamoson in the Valais canton, 
the fourth site is located at 1610 m ASL. Mean wind speed at 100m AGL is 6.6 m/s. The 
winds come mainly from the SSW and SW directions (Figure 25). The recommended 
power law exponent values lie in the range of 0.28-0.30 [74]. Annual temperature is 6.3 
oC and annual pressure is 83.2 kPa. Icing frequency is 5-10 days annually [72]. 
 
Figure 25: Windrose at 100 m AGL at the site of Ovronnaz, Valais.  
Source: https://wind-data.ch/windkarte/ 
The scenery changes in the fifth site, which is atop the Le Moléson ridge at 1829 m ASL 
in the Gruyères region in the canton of Fribourg. There, the winds blow at an average 
speed of 7.5 m/s 100m AGL. Then main wind directions are W and WSW (Figure 26) 
Due to the landscape of the surrounding area favored values of the wind shear exponent 
are 0.28-0.30 [74]. Annual temperature is 7.9 oC and annual pressure is 81.0 kPa. The 
effect of icing is significant from 5 to 10 days per year [72]. 
 
Figure 26: Windrose at 100 m AGL at the site of Le Moléson, Gruyères.  
Source: https://wind-data.ch/windkarte/ 
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The sixth site is found southeast of the village of Renan in the canton of Bern. The altitude 
of the site is 1267 m ASL and the wind regime includes mean wind speed of 6.6 m/s at 
100 m AGL. The winds come most frequently from SW and SSW directions. The power 
law exponent ranges from 0.21 to 0.23 since the topography consists of elevated croplands 
and some small forests and random buildings [74]. Annual temperature is 7.5 oC and 
annual pressure is 86.8 kPa. Due to the relatively high altitude, icing is present from 5 to 
10 days yearly [72]. 
 
Figure 27: Windrose at 100 m AGL at the site of Renan, Bern.  
Source: https://wind-data.ch/windkarte/ 
Annual temperature is calculated from data taken from Meteoblue [75] for each location. 
It is the average value of the mean monthly maximum and mean monthly minimum tem-
peratures. Annual pressure is calculated from the atmospheric pressure gradient, which is 
given from the following equation 
𝑃𝑧 = 𝑃𝑜 ∙ 𝑒
(−
𝑧
8200
)
 
where Pz is the pressure at altitude z ASL and Po=101.3 kPa is pressure at sea level. 
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4.2 Wind turbine selection and characteristics 
From the 65 installed wind turbines only 2 have an installed capacity of 3 MW and operate 
singly. In addition, there are several 2 MW wind energy converters installed as parts of 
wind parks. For the purpose of this study two wind turbines were chosen (see Table 3). 
Table 3:Basic technical specifications of the selected turbines. 
Model name Enercon E-101/3050 Enercon E-82/2000 
Rated power (kW) 3050 2000 
Cut-in speed (m/s) 2 2 
Rated speed (m/s) 13 12.5 
Cut-off speed (m/s) 28-34 34 
Rotor diameter (m) 101 82 
Hub heights (m) 99, 124, 135, 149 78, 84, 85, 98, 108, 138 
Wind class IEC IIA IEC IIA 
 
The larger one is an Enercon-101 with installed capacity of 3050 kW, hub heights of 99 
m, 124 m, 135 m or 149 m, rotor diameter of 101 m and suitable for wind class IEC IIA 
[76]. The rotor has three blades and total swept area of 8012 m2. It is also equipped with 
active pitch control system. Its rotational speed varies from 4 to 14.5 rpm. Cut-in and cut-
out speeds are 2 m/s and 28-34 m/s, respectively, while rated speed is 13 m/s. The power 
curve is shown in Figure 28 [76]. 
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Figure 28: Power curve of Enercon E-101/3050. Cut-in, rated and cut-off speeds are shown. 
Source (of data): https://www.enercon.de/fileadmin/Redakteur/Medien-Portal/broschueren/pdf/en/ENER-
CON_Produkt_en_06_2015.pdf . 
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The smaller (in terms of power capacity) alternative examined, is an Enercon E-82, with 
power capacity of 2000 kW, hub heights of 74 m, 84 m, 85 m, 98 m, 108 m or 138 m, 82 
m rotor diameter and suitable for wind class IEC IIA [76].The rotor has three blades and 
total swept area of 5281 m2. It is also equipped with active pitch control system. Its rota-
tional speed varies from 6 to 18 rpm. Cut-in speed is 2 m/s and cut-out speed ranges from 
28 to 34 m/s, while rated speed is 12.5 m/s. The power curve is shown in Figure 29 [76]. 
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Figure 29: Power curve of Enercon E-82/2000. Cut-in, rated and cut-off speeds are shown. 
Source (of data): https://www.enercon.de/fileadmin/Redakteur/Medien-Portal/broschueren/pdf/en/ENER-
CON_Produkt_en_06_2015.pdf. 
Enercon is a leading company in wind energy industry. Its converters were chosen for 
this study not only because they are used in other sites across Switzerland but also due to 
the fact that they offer technologies which deal with the effect of icing. 
Every wind energy converter (WEC) is equipped with an ice-detection system. It 
measures current operational data for the power curve and blade angle and compares them 
to an archive of past mean data. Any deviation is attributed to the formation of ice on the 
blades of the turbine [77]. 
To counteract the formation of ice on the blades’ surface, Enercon introduced the Rotor 
Blade Heating System (RBHS), which is an optional feature. It consists of a heater, a 
diffusor and a fan. It is located on the base of the blade (near the point where it attaches 
to the rotor) and propagates the hot air (with temperatures up to 72oC [78]) along the blade 
to the tip (see Figure 30) [77]. In this way, thawing times are reduced. 
RBHS usually operates with the turbine at standstill, which is restarted automatically or 
manually after inspection of the blades. However, in sites where icing is not extreme (and 
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ice is formed in thin layers on the blades) the heating system can operate while the WEC 
is in operation [77]. 
The de-icing system is used primarily on sites where aerodynamics’ role is significant as 
it lessens the reduction of AEP caused by icing. The nominal power of RBHS ranges from 
46 kW to 225 kW. For the Enercon E-82 and the Enercon E-101 it is 85 kW and 225 kW 
respectively. If the RBHS operates during standstill, the Enercon Power Consumption 
Management subtracts the costs of power supply from the grid [78]. 
 
Figure 30: Main parts and principle of operation of the Rotor Blade Heating System (RBHS). 
Source: http://response.enercon.de/files/20161117_K%20Roloff_Cold%20Climate%20Solution.pdf 
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5 Results 
5.1 Model validation  
The models’ accuracy was validated by comparing their predictions with the annual en-
ergy production of an operating wind turbine. For the validation were used data from the 
“Swiss Wind Power Data” website for RETScreen and the model’s database for VFM. 
The selected turbine is a Vestas V112-3000 installed in Haldenstein (latitude 46.8944, 
longitude 9.5383, elevation 546 m ASL). The wind turbine has hub height of 119 m, rotor 
diameter of 112 m and 3 MW capacity [79]. The AEP was 4.372 GWh and the capacity 
factor 16.63% (calculated from the AEP) for 2016 [80]. 
RETScreen uses data from the nearest meteorological ground station at Chur, viz wind 
speed of 2.8 m/s at 10 m AGL, annual air temperature of 9.6o C and atmospheric pressure 
of 88.5 kPa. However, these values were replaced with data from the wind atlas of Swit-
zerland [65] and Meteoblue [75], for better accuracy. Thus, wind speed is 4.9 m/s at 100 
AGL, annual temperature is 10.4o C and annual atmospheric pressure is 94.77 kPa (both 
calculated with the same method as in the end of chapter 4.1). Furthermore, we assume 
two wind shear exponent values (as described in [74]), the reference one which is 0.11 
and the site dependent which is 0.28. Finally, miscellaneous and airfoil losses coefficients 
were set equal to 4% and 1.75%, respectively and availability to 97% (see chapter 5.2.1 
for justification). The results are summarized in Table 4. 
The estimations of RETScreen of the electricity exported to the grid are 2.96 GWh and 
3.24 GWh and the capacity factors are 11.27 % and 12.32 %, for a=0.11 and a=0.28 re-
spectively (Figure 31). The deviation from the actual values are -32.30 % and -25.89 % 
for the AEP and -32.23 % and -25.92 % for the capacity factor, for a=0.11 and a=0.28 
respectively. These values are high, but it should be noted that the wind speeds used were 
only average values and prevailing wind direction was not considered. 
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Table 4: Model validation results. 
Site AEP (GWh) Cf (%) 
 Actual VFM RETScreen Actual VFM RETScreen 
   a=0.11 a=0.28   a=0.11 a=0.28 
Haldenstein 4.372 1.97 2.96 3.24 16.63 7.49 11.27 12.32 
Deviation (%) 0 -54.94 -32.30 -25.89 0 -54.97 -32.23 -25.92 
 
0
1
2
3
4
5
Actual
VFM
RETScreen, a=0.11
RETScreen, a=0.28
0
4
8
12
16
Actual
VFM
RETSCreen, a=0.11
RETScreen, a=0.28
Annual energy production (GWh) Capacity factor (%)
Haldenstein
Vestas V-112/3000 Vestas V-112/3000
 
Figure 31: Annual energy production of electricity in Haldenstein. Actual production is com-
pared with estimations from VFM and RETScreen. 
VFM utilizes data from the MEERA-2 database (see 3.2.2). The estimated average annual 
wind speed is 3.89 m/s and its hourly variation for 2016 is shown in Figure 32. The esti-
mated AEP is 1.97 GWh and the capacity factor is 7.49% (see Figure 33). These values 
differ from the official data by 54.9%, which is more than significant.  
In general, greater attention should be given to the deviations of the AEP, because they 
are calculated from actual data. On the contrary the capacity factor value for Haldenstein 
is simply estimated from the energy output. 
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Figure 32: Hourly wind speed for 2016 and annual mean wind speed at Haldenstein. 
Source: https://www.renewables.ninja/ 
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Figure 33: Estimated hourly power output for 2016 of 3 MW wind turbine at Haldenstein. 
Source: https://www.renewables.ninja/  
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Figure 34: Deviations in estimations of annual energy production and capacity factors in Hal-
denstein.  
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However, to determine if the above deviation was caused by the specific site or it is an 
inherent model bias, three additional indicative tests were performed with wind farms 
located in other European countries. In Edinbane (Scotland) in 2014 the actual AEP was 
128 GWh [81] and the estimated AEP 143 GWh, while in Horns Rev I (Denmark) the 
energy productions in 2010 were 600 GWh [82] and 725 GWh respectively. Finally, in 
the Baltic 2 wind farm (Germany) 1200 GWh [83] were recorded for 2016 and 1321 GWh 
were estimated by the model. In the first and third cases the model overestimates the 
annual energy production by 14.06% and 10.1% respectively, while in the second case it 
underestimates it by 4.17%. These errors are still large but significantly smaller than the 
test case in Haldestein. The results are summarized in Table 5. 
Table 5: Additional validation of VFM in 3 European sites. 
Site Actual AEP (GWh) Estimated AEP (GWh) Deviation (%) 
Edinbane (2014) 128 146 14.06 
Horns Rev I (2010) 600 575 -4.17 
Baltic 2 (2016) 1200 1321 10.1 
 
As it is described in 3.2.2, the systematic bias of MEERA model is caused by the treat-
ment of each grid point as a flat surface. This is not the case in Haldenstein (and in most 
of the sites in Switzerland) unlike in Horns Rev, Baltic 2 and Edinbane wind farms, which 
are located offshore and in an almost flat site respectively. Thus, the larger errors are 
justified. 
5.2 Basic assumptions  
For each site twelve simulations are performed with RETScreen, since three different hub 
heights (99 m, 124 m and 135 m for Enercon E-101 and 98 m, 108 m and 138 m for 
Enercon E-82) are selected for each turbine and two wind shear exponent values for each 
site. Moreover, three simulations with data from RETScreen database for each turbine. In 
addition, three more simulations are performed with VFM for each turbine in each site 
(one for each hub height), since this model does not provide the choice of power law 
exponent. Thus, twenty-four simulations for each site and one hundred and forty-four in 
total. 
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5.2.1 RETScreen 
In paragraph 3.2.1 the basic parameters of the RETScreen model were described. For this 
study the following assumptions were made. 
The annual wind speed value is the average wind speed at 100 m AGL, found in the wind 
atlas of Switzerland [65]. Wind shear exponent obtains two values for each site, 0.11 
which is the reference value and another one which is site dependent (see Table 2). An-
nual temperatures and pressures are taken from Table 2 (see paragraph 4.1). The shape 
factor is 2, meaning that the Rayleigh distribution is used by the software. Array losses 
are 0% since only one turbine is used and no wake from neighboring turbines exist, Airfoil 
losses include losses from icing. Enercon has validated icing losses in several sites in-
cluding the wind turbines in St. Brais in Switzerland. The proposed losses range from 
0.5% to 3% of the AEP, including the consumption of RBHS. Thus, airfoil losses are set 
equal to an average value of 1.75%. Typical values of miscellaneous losses are between 
2% and 6% according to the user’s manual of the software, hence an average value of 4% 
is assumed. Finally, availability of the wind turbine is set to 97% which is the industry 
standard according to Harman et al [84]. The AEP that is studied is the electricity exported 
to the grid, which is derived from the unadjusted energy production by accounting for the 
losses and pressure and temperature corrections. 
5.2.2 Virtual Farm Model 
In this model fewer parameters are selectable. The database used is MEERA-2 and data 
for year 2016 are selected. Site coordinates, turbine model and hub height are set in ac-
cordance with paragraphs 4.1, 4.2 and 5.2 respectively. The assumptions regarding AEP 
are the same as for the RETScreen model. Although, VFM does not calculate losses or 
corrections, these (same as in RETScreen) were applied by hand to its results to ensure a 
fairer comparison of the models. 
5.3 RETScreen 
RETScreen gave estimations for wind speed at hub height, electricity exported to the grid 
(referred as AEP) and capacity factor. 
At first data from RETScreen’s database were used, while in the next step accuracy was 
improved by using data from the “Swiss Wind Power Data” Website. 
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5.3.1 Data from RETScreen database 
In this first estimation, we assume that no external data regarding wind speed and topog-
raphy are available for the sites. Thus, the data of RETScreen’s database are used. The 
reference values of wind speed, annual air pressure and annual mean temperature are 
taken from the nearest meteorological station. This is not the ideal case because the station 
may be several kilometers away. Subsequently the wind regime and the topography in the 
station’s location may vary significantly. 
The wind speed at hub height is estimated from the power law with wind shear exponent 
equal to 0.11, which is the reference value. The values of wind speeds are shown in Table 
6 and Figure 35. The values of AEP and capacity factors are shown in Table 7 and Figure 
36 and Figure 37. 
For reasons explained shortly above, these results are not analyzed now, but in paragraph 
5.5 where they are compared with the results of RETScreen with data from the “Swiss 
Wind Power Data” website. 
Table 6: RETScreen estimations of wind speed at hub height of the two wind turbines in the se-
lected sites, with data taken from RETScreen’s database.  
Wind speed at hub height (m/s) 
  Site 
  Schützenhof Käsern Bad Ragaz Ovronnaz Le Moléson Renan 
Turbine 
model 
Hub height 
(m) 
Wind shear exponent a=0.11 
Enercon 
E-101/3050 
99 5.02 7.07 3.60 2.96 2.57 3.22 
124 5.14 7.26 3.69 3.03 2.64 3.30 
135 5.19 7.32 3.73 3.06 2.66 3.33 
Enercon 
E-82/2000 
98 5.01 7.07 3.60 2.96 2.57 3.21 
108 5.07 7.15 3.64 2.99 2.60 3.25 
138 5.21 7.34 3.74 3.07 2.67 3.34 
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Figure 35: RETScreen estimations of wind speed at hub height for different values of wind 
shear exponent, compared between locations, with data taken from RETScreen’s database. 
 
Table 7: RETScreen estimations of annual energy productions and capacity factors in selected 
sites, with data taken from RETScreen’s database. 
Turbine model Enercon E-101/3050 Enercon E-82/2000 
Hub height (m) 99 124 135 98 108 138 
 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
Schützenhof 
a=0.11 3.82 14.55 4.09 15.57 4.20 15.97 2.57 14.64 2.64 15.08 2.84 16.20 
Käsern 
a=0.11 8.33 31.71 8.69 33.06 8.83 33.58 5.56 31.73 5.66 32.31 5.92 33.79 
Bad Ragaz 
a=0.11 1.42 5.42 1.53 5.81 1.57 5.97 0.96 5.48 0.99 5.66 1.07 6.10 
Ovronnaz 
a=0.11 0 0 0.77 2.92 0.80 3.05 0 0 0 0 0.55 3.14 
Le Moléson 
a=0.11 0 0 0 0 0 0 0 0 0 0 0 0 
Renan 
a=0.11 1.06 4.03 1.16 4.42 1.20 4.57 0.72 4.09 0.75 4.26 0.82 4.68 
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Figure 36: RETScreen estimations of annual energy production for different values of wind 
shear exponent, compared between locations, with data taken from RETScreen’s database. 
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Figure 37: RETScreen estimations of capacity factors for different values of wind shear expo-
nent, compared between locations, with data taken from RETScreen’s database. 
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5.3.2 Data from the “Swiss Wind Power Data” website 
In the selected sites, in general, wind speeds range from 5.68 m/s to 8.23 m/s. The wind-
iest location is Le Moleson with speeds from 7.5 m/s to 8.2 m/s depending on the wind 
shear exponent. On the contrary, Schützenhof’s wind regime is the less prominent with 
speeds from 5.68 m/s to 6.09 (see Table 8 and Figure 38). 
 
Table 8: RETScreen estimations of wind speed at hub height of the two wind turbines in the se-
lected sites, with data taken from the “Swiss Wind Power Data” website. 
Wind speed at hub height (m/s) 
  Site 
  Schützenhof Käsern Bad Ragaz Ovronnaz Le Moléson Renan 
  Wind shear exponent 
Turbine 
model 
Hub height 
(m) 
0.11 0.205 0.11 0.23 0.11 0.265 0.11 0.29 0.11 0.29 0.11 0.22 
Enercon 
E-101/3050 
99 5.69 5.69 6.49 6.49 6.59 6.58 6.59 6.58 7.49 7.48 6.59 6.59 
124 5.84 5.96 6.66 6.83 6.76 6.99 6.76 7.02 7.68 7.98 6.76 6.92 
135 5.89 6.06 6.72 6.96 6.82 7.15 6.82 7.20 7.75 8.18 6.82 7.05 
Enercon 
E-82/2000 
98 5.69 5.68 6.49 6.47 6.59 6.56 6.59 6.56 7.48 7.46 6.56 6.57 
108 5.75 5.79 6.56 6.62 6.66 6.74 6.66 6.75 7.56 7.67 6.66 6.71 
138 5.91 6.09 6.73 7.00 6.84 7.19 6.84 7.25 7.77 8.23 6.84 7.08 
 
As it seen from the table above and Figure 39 below, the effect of the topography on the 
wind profiles becomes significant above 100 m AGL and intensifies with increasing alti-
tude. Although the differences are small, they are magnified by the fact that wind power 
extracted, is proportional to the cube of wind speed. 
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Figure 38: RETScreen estimations of wind speed at hub height for different values of wind 
shear exponent, compared between locations, with data taken from the “Swiss Wind Power 
Data” website 
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Figure 39: RETScreen estimations of wind speed at hub height for different values of wind 
shear exponent, at each location, with data taken from the “Swiss Wind Power Data” website. 
The annual energy productions and capacity factors were estimated in all six sites for two 
different wind converters at three different hub heights for each one and for two values 
of wind shear exponent. The results are shown in Table 9. 
Two expected facts were confirmed, regarding the AEP. Firstly, the higher the wind speed 
the higher the energy production and secondly Enercon E-101 produced higher amounts 
of electricity compared to Enercon E-82, due to its larger swept area (see Figure 40). 
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It is, also observed that at low altitudes, namely at 99 m for Enercon E-101 and at 98 m 
for Enercon E-82, the AEP is larger for the smaller value of the power law exponent (see 
also Figure 40). In the rest hub heights, the opposite is true. 
Table 9: RETScreen estimations of annual energy productions and capacity factors in selected 
sites, with data taken from the “Swiss Wind Power Data” website. 
Turbine model Enercon E-101/3050 Enercon E-82/2000 
Hub height (m) 99 124 135 98 108 138 
 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%)  
AEP 
(GWh) 
Cf 
(%) 
Schützenhof 
a=0.11 5.31 20.21 5.62 21.38 5.74 21.83 3.55 20.28 3.64 20.78 3.87 22.07 
a=0.205 5.30 20.17 5.88 22.37 6.11 23.24 3.54 20.19 3.70 21.13 4.13 23.57 
Käsern 
a=0.11 6.76 25.74 7.10 27.03 7.23 27.52 4.51 25.77 4.61 26.32 4.86 27.73 
a=0.23 6.75 25.67 7.47 28.41 7.75 29.48 4.49 25.65 4.70 26.80 5.23 29.83 
Bad Ragaz 
a=0.11 6.96 26.48 7.30 27.79 7.44 28.29 4.64 26.51 4.74 4.74 4.99 28.50 
a=0.265 6.94 26.4 7.78 29.60 8.09 30.77 4.62 26.35 4.85 27.70 5.46 31.14 
Ovronnaz 
a=0.11 6.55 24.92 6.87 26.15 6.70 26.62 4.37 24.95 4.46 25.47 4.70 26.82 
a=0.29 6.53 24.83 7.39 28.12 7.71 29.32 4.34 24.77 4.58 26.16 5.20 29.70 
Le Moléson 
a=0.11 7.97 30.32 8.29 31.56 8.42 32.04 5.31 30.32 5.40 30.85 5.64 32.21 
a=0.29 7.94 30.23 8.82 33.57 9.13 34.73 5.28 30.14 5.53 31.55 6.15 35.08 
Renan 
a=0.11 6.80 25.87 7.14 27.15 7.26 27.64 4.54 25.90 4.63 26.45 4.88 27.85 
a=0.22 6.78 25.81 7.46 28.40 7.72 29.38 4.52 25.80 4.71 26.88 5.20 29.69 
 
The most productive site is Le Moléson. At 99 m AGL 7.97 GWh and 7.94 GWh of 
electricity are produced annually by an Enercon E-101 for a=0.11 and a=0.28 respec-
tively, while this amount rises accordingly to 8.42 GWh and 9.13 GWh at 135 AGL. For 
an Enercon E-82 the corresponding values are 5.31 GWh and 5.28 GWh at 98 m AGL 
and 5.64 GWh and 6.15 GWh at 138 m AGL. 
  -47- 
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.205
Schuetzenhof
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.23
Kaesern
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.265
Bad Ragaz
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.29
Ovronnaz
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.29
Le Moleson
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
a=0.11 a=0.22
Renan
Estimated annual energy production (GWh)
 
Figure 40: RETScreen estimations of annual energy production, for different values of wind 
shear exponent, at each location, with data taken from the “Swiss Wind Power Data” website. 
In Schützenhof the lowest production is observed. Electricity exported to the grid ranges 
from approximately 5.30 GWh to 6.11 GWh for Enercon E-101 and from 3.54 GWh to 
4.13 GWh for Enercon E-82. 
In the rest sites the production is around 7 GWh and 4.5 GWh for the larger and smaller 
wind turbines respectively (see Figure 41). 
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Figure 41: RETScreen estimations of annual energy production for different values of wind 
shear exponent, compared between locations, with data taken from the “Swiss Wind Power 
Data” website. 
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Figure 42: RETScreen estimations of capacity factors for different values of wind shear expo-
nent, compared between locations, with data taken from the “Swiss Wind Power Data” website. 
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The estimated capacity factors naturally, follow the trend observed in wind speeds and 
AEP as far as the different sites are concerned (see Figure 42). However, as it shown in 
Figure 43, the capacity factors in a specific site are comparable. The most interesting 
observation is that at comparable hub heights, namely 98 m and 138 m for E-82 and 99 
m and 135 m for E-101, the smaller wind turbine has equal or higher capacity factors. 
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Figure 43: RETScreen estimations of capacity factors for different values of wind shear expo-
nent, compared between locations, with data taken from the “Swiss Wind Power Data” website. 
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5.4 Virtual Farm Model 
The estimations of wind speed at hub height of the Virtual Wind farm model are quite 
different (seeTable 10). The estimated values range from 3.76 m/s to 5.59 m/s and fur-
thermore the classification of the sites is changed. 
Table 10: VFM estimations of wind speed at hub height of the two wind turbines in the selected 
sites. 
Wind speed at hub height (m/s) 
  Site 
Turbine 
model 
Hub height 
(m) 
Schützenhof Käsern Bad Ragaz Ovronnaz Le Moléson Renan 
Enercon 
E-101/3050 
99 4.69 4.26 3.77 3.76 4.40 5.37 
124 4.81 4.39 3.94 3.85 4.54 5.52 
135 4.86 4.44 4.00 3.89 4.59 5.58 
Enercon 
E-82/2000 
98 4.68 4.25 3.76 3.75 4.40 5.37 
108 4.72 4.309 3.83 3.80 4.45 5.43 
138 4.85 4.45 4.02 3.90 4.60 5.59 
 
Renan ranks first with speeds from 5.37 m/s to 5.59 m/s, while Ovronnaz (which was 
ranked second in the RETScreen estimations) exhibits the poorest wind speeds, ranging 
between 3.75 m/s and 3.90 m/s (Figure 44). The reasons for this erroneous change will 
be discussed in chapter 5.5. 
Table 11 depicts the VFM estimations of AEP and capacity factors. Regarding the esti-
mated AEP, it is again obvious from Figure 45, that the more powerful converter can 
produce higher amounts of electricity than the smaller alternative. The energy produced 
is again analogous to the wind speeds and the deviations in them are transferred to the 
AEP and the capacity factors as well. 
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Figure 44: VFM estimations of wind speed at hub height, compared between locations. 
The capacity factors computed by the VFM model are overall much smaller than the ones 
of RETScreen, however the relationship between them remains the same. The E-82 wind 
turbine has capacity factors of the same level or even larger from the ones of the E-101 
(see Figure 46). 
Table 11: VFM estimations of annual energy productions and capacity factors in the selected 
sites. 
 Enercon E-101/3050 Enercon E-82/2000 
Hub height 
(m) 
99 124 135 98 108 138 
 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf 
(%) 
AEP 
(GWh) 
Cf 
(%) 
Schützenhof 3.09 12.63 3.33 13.63 3.43 14.02 2.03 12.68 2.04 12.87 2.24 13.97 
Käsern 2.17 8.88 2.39 9.78 2.48 10.13 1.43 8.91 1.49 9.30 1.65 10.3 
Bad Ragaz 1.55 6.33 1.81 7.39 1.91 7.81 1.02 6.35 1.09 6.80 1.28 7.99 
Ovronnaz 1.41 5.76 1.54 6.28 1.59 6.49 0.93 5.83 0.97 6.02 1.06 6.60 
Le Moléson 2.44 9.98 2.68 10.96 2.77 11.34 1.61 10.02 1.67 10.44 1.84 11.53 
Renan 4.42 18.09 4.74 19.40 4.86 19.90 2.91 18.15 3.00 18.71 3.23 20.15 
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Figure 45: VFM estimations of annual energy production, compared between locations. 
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Figure 46: VFM estimations of capacity factors, compared between locations. 
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5.5 Comparative results 
The results presented in the last two chapters gave an insight of the capabilities of the 
models. In this chapter a comparison of the results is presented, to reveal the advantages 
and weaknesses of each model. 
As it was stated in paragraph 3.1, the first comparison concerns only the RETScreen 
model More specifically it is tested how RETScreen performs with data from its own 
database against data from the “Swiss Wind Power Data” website. 
In the following tables (Table 12 and Table 13) and figures (Figure 47, Figure 48, Figure 
49, Figure 50, Figure 51 and Figure 52 ) it is clearly shown the large diversity and the 
deviations of the results. It is obvious that when RETScreen uses its own database the 
results are far from accurate. The proximity of the closest meteorological station (to each 
site) is very significant for the quality of the estimations. 
An example is the site of Käsern. There the turbine’s and the station’s locations are not 
only close but there are no significant landscape changes. Thus, the deviations are rela-
tively small and RETScreen overestimates wind speed at hub height by 8% and annual 
energy production by 22%. On the contrary in the site of Le Moléson the model underrates 
the results 100%. This finding suggests that there are substantial differences in the wind 
regimes of the site and of the meteorological station. 
However, this should not be interpreted as a weakness of the model. The RETScreen 
model is capable of producing fairly accurate results given that the inserted data are val-
idated. 
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Figure 47: Comparison of wind speed at hub height estimations of the two RETScreen cases at 
each location 
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Table 12: Deviations in estimations of wind speed at hub height of the two RETScreen cases in 
selected sites. 
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Figure 48: Deviations in estimations of wind speed at hub height, of the two RETScreen cases 
compared between sites. 
0
2
4
6
8
10
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Power Data
Schuetzenhof
4
5
6
7
8
9
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Power Data
Kaesern
0
1
2
3
4
5
6
7
8
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Power Data
Bad Ragaz
0
1
2
3
4
5
6
7
8
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Power Data
Ovronnaz
0
1
2
3
4
5
6
7
8
9
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Power Data
Le Moleson
0
1
2
3
4
5
6
7
8
E-101/99 E-101/124 E-101/135 E-82/98 E-82/108 E-82/138
RETScreen Database
Swiss Wind Powe Data
Renan
Estimated annual energy production (GWh)
 
Figure 49: Comparison of annual energy production estimations of the two RETScreen cases at 
each location. 
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Table 13: Deviations in estimations of annual energy productions and capacity factors of the 
two RETScreen cases in selected sites. 
 Enercon E-101/3050 Enercon E-82/2000 
Hub height 
(m) 
99 124 135 98 108 138 
 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
Schützenhof 
a=0.11 -28.03 -28.02 -27.17 -27.17 -26.88 -26.87 -27.81 -27.82 -27.48 -27.45 -26.59 -26.58 
Käsern 
a=0.11 23.22 23.21 22.33 22.32 22.02 22.00 23.13 23.13 22.74 22.74 21.83  
Bad Ragaz 
a=0.11 -79.55 -79.55 -79.08 -79.31 -78.91 -78.91 -79.31 -79.31 -79.10 -79.10 -78.59 -78.60 
Ovronnaz 
a=0.11 -100 -100 -88.83 -88.83 -88.56 -88.55 -100 -100 -100 -100 -88.30 -88.29 
Le Moléson 
a=0.11 -100 -100 -100 -100 -100 -100 -100 -100 -100 -100 -100 -100 
Renan 
a=0.11 -84.41 -84.41 -83.73 -83.73 -83.48 -83.48 -84.22 -84.21 -83.90 -83.91 -83.17 -83.18 
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Figure 50: Deviations in estimations of annual energy production, of the two RETScreen cases 
compared between sites. 
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Figure 51: Comparison of capacity factor estimations of the two RETScreen cases at each loca-
tion. 
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Figure 52: Deviations in estimations of capacity factors, of the two RETScreen cases compared 
between sites. 
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The second comparison concerns the estimations of RETScreen (with data from the 
“Swiss Wind Power Data” website) and VFM. 
In Figure 53 it is highlighted that the estimations of the models differ in general. In Table 
14 are presented the deviations between the results of the two models. More specifically 
it is tested how the VFM performs in comparison to RETScreen. 
It is deduced that VFM underestimates the wind speed at hub height in all the locations. 
The smallest deviations are found in Schützenhof and Renan and are roughly -18%, while 
the largest misestimations are observed in Bad Ragaz, Ovronnaz and Le Moléson with 
values of approximately -42% and -40% respectively (see Figure 54) 
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Figure 53: Comparison of wind speed at hub height estimations of RETScreen and VFM at each 
location. 
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It also understimates the annual energy output, but the deviations are even larger (see 
Table 15 and Figure 55 and Figure 56). In Schützenhof,the deviations are approximately 
-42%, while in Käsern rise to -68%. In Bad Ragaz and Ovronnaz they are roughly -76%. 
In Le Moléson, they are slightly less and almost -70%. Finally, in Renan they obtain their 
smallest values of around -35%. 
These findings suggest that the deviations in wind speeds are magnified during the trans-
formation of the wind speeds to power output. One reason is that wind power is propor-
tional to the cube of the wind speed. Subsequently, deviations of the same magnitude 
occur for the capacity factors (see Figure 57 and Figure 58) 
The most effective way to minimize deviations would be the existence of accurate wind 
speeds. However, the basis of the VFM model is reanalysis, which has some inherent 
systematic errors or biases. It was mentioned before (see 3.2.2) that these are caused by 
imperfections of the weather forecasting model that is used to predict wind speeds. In 
addition, the model treats every location as a flat surface, thus failing to account for local 
topography. Moreover, local microclimatic conditions which affect wind speeds are also 
not considered since each cell has very large dimensions. 
In the publication of the creators of the VFM model [63] it is explained how the system-
atic errors in the capacity factors of each country are calculated and corrected. In brief, a 
coefficient is calculated and is multiplied with the simulated capacity factors to correct 
them. However, this bias correction factor was not calculated for Switzerland and this 
severely affects the results of the model in this country. 
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Table 14: Deviations of VFM estimations compared to RETScreen estimations of wind speed at 
hub height in selected sites. 
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Figure 54: Deviations of VFM estimations compared with RETScreen estimations for wind 
speed at hub height, compared between sites. 
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Table 15: Deviations of VFM estimations compared to RETScreen estimations of annual energy 
productions and capacity factors in selected sites. 
 Enercon E-101/3050 Enercon E-82/2000 
Hub height 
(m) 
99 124 135 98 108 138 
 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
AEP 
(GWh) 
Cf (%) 
Schützenhof 
a=0.11 -41.86 -37.49 -40.70 -36.25 -40.28 -35.80 -42.78 -37.46 -44.07 -38.07 -42.10 -36.71 
a=0.205 -41.73 -37.35 -43.32 -39.07 -43.88 -39.67 -42.53 -37.18 -44.99 -39.08 -45.79 -40.75 
Käsern 
a=0.11 -67.92 -65.51 -66.35 -63.83 -65.78 -63.21 -68.36 -65.42 -67.69 -64.68 -66.03 -62.87 
a=0.23 -67.84 -65.42 -67.99 -65.59 -68.05 -65.65 -68.21 -65.25 -68.27 -65.31 -68.42 -65.48 
Bad Ragaz 
a=0.11 -77.75 -76.10 -75.26 -73.40 -74.32 -72.39 -78.08 -76.04 -77.02 -74.90 -74.34 -71.95 
a=0.265 -77.68 -76.00 -76.78 -75.03 -76.39 -74.61 -77.94 -75.89 -77.54 -75.46 -76.51 -74.33 
Ovronnaz 
a=0.11 -78.49 -76.88 -77.66 -75.98 -77.34 -75.64 -78.72 -76.62 -78.37 -78.35 -77.47 -75.38 
a=0.29 -78.41 -76.79 -79.22 -77.66 -79.43 -77.88 -78.57 -76.46 -78.94 -79.98 -79.66 -77.76 
Le Moléson 
a=0.11 -69.37 -67.07 -67.69 -65.27 -67.04 -64.60 -69.76 -66.95 -69.04 -66.16 -67.40 -64.21 
a=0.29 -69.28 -66.97 -69.62 -67.34 -69.60 -67.34 -69.58 -66.75 -69.72 -66.91 -70.10 -67.14 
Renan 
a=0.11 -34.96 -30.07 -33.55 -28.57 -33.05 -28.03 -35.88 -29.91 -35.26 -29.23 -33.79 -27.63 
a=0.22 -34.82 -29.92 -36.48 -31.71 -37.01 -32.29 -35.60 -29.61 -36.31 -30.38 -37.90 -32.13 
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Figure 55: Comparison of annual energy production estimations of RETScreen and VFM at 
each location. 
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Figure 56: Deviations of VFM estimations compared with RETScreen estimations for annual 
energy production, compared between sites. 
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Figure 57: Comparison of capacity factor estimations of RETScreen and VFM at each location. 
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Figure 58: Deviations of VFM estimations compared with RETScreen estimations for capacity 
factors, compared between sites. 
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6 Conclusions & Outlook 
Conclusions 
In this study the annual energy productions and capacity factors of two wind turbines in 
six locations in Switzerland were estimated and compared using two freely available 
models VFM and RETScreen. The main conclusions are as follows. 
(1) The most productive site, based on RETscreen estimations for a=0.11, is Le 
Moléson. An Enercon E-101 produces 7.97 GWh (at 99 m), 8.29 GWh (at 124 m) 
and 8.42 GWh (at 135 m), while an E-82 produces 5.31 GWh (at 98 m), 5.40 GWh 
(at 108 m) and 5.64 GWh (at 138 m). The least productive site is Schützenhof. An 
Enercon E-101 produces 5.31 GWh (at 99 m), 5.62 GWh (at 124 m) and 5.74 
GWh (at 135 m), while an E-82 produces 3.55 GWh (at 98 m), 3.64 GWh (at 108 
m) and 3.87 GWh (at 138 m). 
(2) The AEP at 98m (of an E-82) and at 99 m (of an E-101) is lower (or equal at best) 
for the site dependent value of the wind shear exponent, which is larger than the 
reference value of 0.11. This finding suggests that a wind profile diversifies sig-
nificantly above 100 m AGL. 
(3) The most productive site, based on VFM estimations, is Renan. An Enercon E-
101 produces 4.42 GWh (at 99 m), 4.74 GWh (at 124 m) and 4.86 GWh (at 135 
m), while an E-82 produces 2.91 GWh (at 98 m), 3.00 GWh (at 108 m) and 3.23 
GWh (at 138 m). The least productive site is Ovronnaz. An Enercon E-101 pro-
duces 1.41 GWh (at 99 m), 1.54 GWh (at 124 m) and 1.59 GWh (at 135 m), while 
an E-82 produces 0.93 GWh (at 98 m), 0.97 GWh (at 108 m) and 1.06 GWh (at 
138 m). 
(4) In total, E-82 produces less energy than E-101 at the same height, since it has 
smaller rotor diameter and smaller power output. However, the corresponding ca-
pacity factors are greater. Thus, the interested parties can choose efficiency or 
quantity of produced electricity depending on their needs 
(5) The results of the RETScreen model with two different types of data suggest that 
the RETScreen database should be used with caution, since the proximity of the 
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nearest meteorological station to the site and the climatic conditions and/or topog-
raphy in the intermediate distance can favor or severely impact the quality of the 
estimations. 
(6) The comparative results clearly show that VFM underestimates all the measures 
under study, compared to RETScreen, in all sites. Wind speed at hub heights de-
viations range from 20% to 40%, while AEP and capacity factors present mises-
timations of 40% to 80%. 
(7) The previous result is backed from the model validation. RETScreen achieves 
more accurate results than VFM in the “test” sites of Haldenstein. The deviations 
from actual AEP is 26% with a=0.28 (and 32% with a=0.11) and 55% respec-
tively. 
(8) The VFM model suffers from inaccuracies related to the site topography. It treats 
every location as a flat surface and thus fails to predict the changes of wind pro-
files above complex terrain. Subsequently, the flatter the site the better the results. 
This is depicted in conclusion 3, since Renan is a fairly flat site while Ovronnaz 
lies on a slope in front a mountain complex. It is additionally illustrated in model 
validation. In wind farms of Edinbane (onshore flat site), Horns Rev I (offshore) 
and Baltic 2 (offshore) the model produces results with significantly smaller de-
viations which are 14%, -4% (underestimation) and 10% respectively. 
(9) There is no bias correction factor for Switzerland to lessen the topography related 
deviations. 
(10) In general, the VFM estimations are subject to the site’s topography and geo-
graphic location and therefore it should be used with caution and only for rough 
estimations of the actual wind regime. The same, bar the topography, applies for 
the RETScreen model but only when using its own database. The model itself can 
produce satisfying results when properly loaded with accurate data. 
Outlook 
The future of wind power in Switzerland is promising since the reduction of fossil 
fuel emissions and the development of renewable energy sources are part of the na-
tional “Energy strategy 2050” [85]. Hence, the availability of accurate measurements 
and data is of high importance. Future improvements of this study include inter alia: 
(1) the study of other sites in Switzerland and the evaluation of their wind poten-
tial. 
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(2) the estimation of AEP with RETScreen in the selected (or new) sites by using 
the prevailing wind direction and its magnitude and in addition the Weibull 
distribution based on the values of its parameters for each site. 
(3) the use of more accurate techniques for the estimation of AEP in the selected 
(or new) sites, such as CFD software. 
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Nomenclature 
VFM   Virtual Farm Model 
AEP   Annual Energy Production 
CF    Capacity factor 
ASL   Above Sea Level 
AGL   Above Ground Level 
WEC   Wind Energy Converter 
RBHS   Rotor Blade Heating System 
